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Abstract. An overview of calcium is presented includ-

ing introduction, pre-history, chronology of the research

recorded in the literature, discussion, summary', recent

references, literature cited, acknowledgments, and ap-

pendix.

Elemental calcium began with the Earth's formation.

Calcium was used for utilitarian purposes in B.C. times.

In the 12th and 13th centuries A.D., calcium oxide was

formed by roasting limestone to form calcium carbon-

ate. A test for calcium was found in the 17th century,

and "stones" were observed in humans (see appendix).

In the 1 9th century, calcium was isolated and chemically

identified by electrolysis, and later in that century cal-

cium was found to be needed in a physiological solution

similar to the ionic content of blood. In the 20th century

it was found that, in the absence of calcium, living cells

pulled away from one another. Anesthesia was produced

by massive injection of magnesium salts into a mam-
mal conciousness could be restored by the addition of

calcium, which neutralized the magnesium. Finally, cal-

cium out of control in necrosis has an invasive action.

Calcium antagonists and their mode of action were de-

scribed in 1986.

Introduction

While a university fellow and research assistant to the

late Dr. L. V. Heilbrunn, I developed a deep interest in

calcium an interest that has culminated in this manu-

script after 48 summers at the Marine Biological Labora-

tory in Woods Hole, Massachusetts. This is my tribute

to Dr. Heilbrunn for his research and profound vision of

the importance of calcium in biological systems.

In 1983 the role of calcium dominated mv conversa-
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tions with Associate Professor Dr. Lincoln Ford of the

University of Chicago. He urged meto write this account

of the history of calcium.

The calcium ion is of fundamental importance in all

biological systems. It participates in numerous biochem-

ical and physiological processes. It is an intracellular reg-

ulator and also functions in extracellular mechanisms.

For example, calcium is involved in neurotransmission,

muscle contraction, blood clotting, cell adhesion, cell

movement, permeability, and the surface precipitation

reaction. It is also a second messenger, a major compo-
nent of bone and teeth, and is important in agriculture

and nutrition (Fig. 1).

Since calcium plays such a central and compelling role

in all of basic biology, many books would have to be

written in order to discuss all the phases and functions of

calcium. Literature on the history of calcium dates back

to 2600 B.C; the first practical problem "stones" was

recorded in 1683 A.D. (see appendix).

Publications on calcium's importance, however, were

sporadic and drew little attention until the Heilbrunn

and Wiercinski paper (1948) describing microinjection

of calcium into isolated muscle fibers. At that time, A. V.

Hill questioned the slow diffusion of calcium into the

cell. Niedergerke (1955) gave further impetus and

brought attention to calcium with intracellular microin-

jection and electrolytic transport.

Since then, the interest in, and study of, calcium has

increased dramatically. Approximately 22,000 papers

have been published between 1966 and 1987 on the gen-

eration of concepts, hypotheses, mechanisms, models,

postulates, and theories concerning calcium (Table I).

Pre-History

The overview of calcium begins with the origin of the

sun, the earth, and other planets formed by the conden-

sation of interstellar gases, particles, and elements

brought together by Newtonian forces and by thermal.
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Figure 1. Calcium phosphate cycle in the biosphere. The relation-

ship between plant and animal life to the land and sea cycle. (Reprinted

with permission; from Nichols and Wasserman, 197 1 ).

electrostatic, and magnetic attractions at the time of the

sun's formation. The earth went into orbit around the

sun. Rock formed as the earth was pulled together by

gravitational attraction. Consequently the planet grew in

size. One major constituent of the new planet was cal-

cium.

Water formed from hydrogen and oxygen. This filled

the valleys and ocean basins of the earth. Water washed

the rocks of the earth, leaching out elements including
calcium into the ocean. Calcium is still being deposited
into the oceans as sedimentary CaCO, from combina-

tion with carbon dioxide (Fig. 1 ). See Figure 2 for the

biogeochemistry of calcium.

Ancient calcium

"The calcium carbonate of the rivers would supply this

substance in 5 X 10
5

years. This has been deposited as

sedimentary limestone. Since the formation of the

Table 1

Computer search (J 966-1 987) on concepts about

calcium in l/ic litcn'lurc
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Egypt: Plaster used to cover bandages used for wrap-

ping mummies', the masks were made of plaster (Van
Rens, 1987).

China: Limestone and mortar used in Guilin. a 2000-

year-old city built during the Han Dynasty (Fang, 1987,

pers. comm.).

Romans: Made plaster casts of body parts. Decora-

tions in buildings and mortar (Van Rens. 1987).

1 500. Ebers Papyrus: No mention of calcium. Sea salts

were added to a mixture of herbs, made into a ball and

inserted into the anus as a cure for diarrhea (Dawson.

1935).

400, Hippocrates: Used sounds to explore urinary

bladder for calculi (in Berdoe, 1893).

A.D.:12th-l 3th century

Limeburners: Reduction of limestone (CaCOj) to

Hme(CaO).

17th century

1666, Boyle: White precipitate for calcium salts with

sulfuric acid. Used as a test.

1666, Boyle: Aquafortis, Aquaregia, and Oyl of Vit-

riol. Used on various substances.

1667, Fairfax: Mr. Goodrich, surgeon at Bury St. Ed-

mund's, found 96 small stones in the bladder of a lad.

He also found a stone almost as large as a newborn

child's head, and much of that shape.

1672. Lister: A stone was cut from under a man's

tongue.

1683. 1693, Slare: A stone the size of a kidney was

found. Stones also found in the vessels of the pelvis (see

appendix).

18th century

1753. Black: Efficacy of limewater in dissolving uri-

nary calculi, "the stone."

1786. Muller: "Sarcode droplets" on a Colpoda proto-

zoan.

1794: Arabs used gypsum plaster casts (Van Rens.

1987).

1 797. Wollaston: Chemical analysis of renal calculi.

]9t/i century

1 800. Volta: Voltaic pile battery.

1808. Davy: Calcium was isolated by electrolysis and

the decomposition of alkalis.

1808, Davy: Metals obtained from alkaline earths.

1829, Dobereiner: Classified elements (see Discus-

sion).

1835. 1841, Dujardin: Film formation around drop-

lets emerging from a protozoan in calcium solution.

1846, Von Mohl: The name of "protoplasm" applied
to the fluid within the cell.

1852, Muthijens: A new method of applying plaster

bandages in the care of broken bones (Van Rens. 1987).

1857, Haeckel: Crustacean nerve was pressed, forms of

"droplets, thread, and granules" came out of the nerve.

1882, 1886, 1890, Ringer: Physiological salt solution

for cell function as the external electrolyte.

1885, Ringer and Buxton: Distilled water is actually

harmful to protoplasm. Minute quantities of salts, cal-

cium, sodium, potassium obviate the destruction.

1886, 1892a,b, Gruber: Cutting experiments, Stentor

and structure. Infusoria, all in calcium containing
media.

1888, Fabre-Domergue: Film formation around drop-
lets of protoplasm pushed out of cells.

1890, Ringer: Added calcium chloride to distilled wa-

ter and life was sustained longer than in sodium and po-

tassium salt solutions. Tap water worked because of the

calcium in it, whereas distilled water did not.

1892, Loew: Calcium counteracts magnesium when
the magnesium concentration is too high in plants.

1892, Loew: Nucleus contains calcium mainly in the

chromatin and the nucleolus.

1894, Locke: Calcium necessary for the transmission

of excitatory nerve impulses from nerve to muscle. A
nerve-muscle preparation in calcium-free solution, the

muscle failed to respond when nerve was stimulated. Ad-

dition of small amount of calcium restored excitation by
nerve. This response depended on the presence of cal-

cium in the solution.

1 894, Ringer and Sainsbuiy : "Remarkable power with

a minute dose of lime salt, e.g.. lime phosphate possesses

in maintaining the integrity of tissues." "Whilst a very

minute quantity of a lime salt serves to be adequate to

the maintenance of this vitality (of the worm Tubifex).

the quantity may be increased enormously without pro-

ducing any very definite results."

1896, Biedermann: 0.6% NaCl was found to be better

with Na; HPO4 and Na2CO3 (Vol. 1, p. 105).

20th century

1900, Herbst: Cells tend to separate in the absence of

calcium.

1902. Kolsch: Film formation around droplets of pro-

toplasm in calcium media.

1902. Loeb: Pure calcium solution is toxic to Fundulus

eggs. Isotonic solutions of calcium are toxic to cells and

organisms adapted to living in the presence of relatively

high concentrations of salts.

1903. Stiles: 1912. Trendelenburg; 1920. Alday-Re-

donnef. 1926, Gellhorn: Smooth muscle is more perme-
able to calcium than skeletal muscle. A prompt shorten-

ing occurs.
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1904, Overton: Shortening occurs in uninjured mus-

cle. Calcium necessary for transmission of impulses

across the nerve synapse.

1905, 1908, Meltzer and Auer: Injected magnesium
salts into the blood stream of a vertebrate. A sufficiently

high concentration produced a state of anesthesia. When
calcium was injected, the animal became sensitive and

awakened.

1902, Loeb: Calcium and other ions in irritability and

contraction.

1907, Benecke: Spimgyra not injured by calcium

alone.

1908, Daniel: The destructiveness of distilled water

has been attributed to its low content of inorganic salts.

Distilled water of low conductivity and of physical purity

was obtained.

1909, Mendel and Benedict: Excretion of calcium and

interrelationship to inorganic compounds.
1909, Osterhout: K and Na act antagonistically.

1910, Meyer; 1926, Gray, 1941. Robertson: Calcium

important in holding cells together.

1911, Mines: Exclusion of calcium from Ringer's solu-

tion caused uncoupling of the action potential of heart

muscle from contraction. This was the first evidence of

the role of calcium in coupling excitation and contrac-

tion.

1913, Spaeth: K and Na act antagonistically. K is

seven times more potent than Na.

1916, Peck and Meltzer: Surgical operations were per-

formed with magnesium anesthesia en masse (see 1905-

1908).

1918, Loewi, a, b: Calcium is necessary in the digitalis

effect on the heart (p. 93). Calcium prevents digitalis

standstill in the heart.

1920, Alday-Redonnet: Adrenalin and calcium.

1920, Hober; 1932, Gillespie and Thornton: All types

of muscle fail to contract in the absence of calcium.

1921, Loewi: "Vagus-stoff" from vagus nerve was a

fundamental discovery. In the course of events it was ob-

served that calcium plays an important role in the secre-

tion of acetylcholine (ACH) that is "vagus-stoff."

1922, Burridge: "The paralyzing action of cocaine

must be associated with some form of deprivation of the

effected tissues of their calcium."

Tate and Clark: Calcium chloride produces con-

traction of rabbit and cat uteri; relaxation of in guinea

pig and rat uteri.

1923, Robison: Ivance concerning conversion of

blood calcium into th:* insoluble calcium of bone.

1925, 1931', Lo
i, 1928, Pringsheim: All ani-

mals from amoeba to man and all plants except some
lower algae and fungi require calcium. A few yeasts and
molds do not require calcium.

1926, Chambers and Re^nikoff: Studied the actions of

monovalent and divalent ions on amoebae using immer-

sion experiments and microinjection.

1927, Doflein and Reichenow: Cutting experiments of

Protozoa in calcium solution.

1927, Bouckaert and Colle: Magnitude of muscle con-

traction is a function of the amount of calcium present.

1927, Fitting: Calcium antagonizes the effect of poi-

sons.

1927, Gley and Bouckaert; 1 928, Gley; 1 928, Houssay
and Molinelli; 1929, Titajew and Unik: When calcium

is lacking, nerve fibers, especially fibers of the autonomic

system, fail to respond to stimulation.

1927, Heilbrunn: "Surface precipitation reaction."

When Stcnlor was crushed in a calcium medium, a new
membrane formed around the extruded cell protoplasm.

1928, Guissani; 1939. Beutner: Convulsions in dogs

by injection of cocaine can be prevented by simulta-

neous (injection) action of calcium chloride.

1928, Kapellerand Kutschera-Aichbergen: Calcium is

necessary for heart muscle function.

1928, Lawaczek: Adrenaline seems to release calcium

from the bound to the free state.

1928, Pollack: By microinjection of calcium, precipi-

tating agents showed the relationship between intracellu-

lar calcium and cell function such as movement.

1928, Rubenstein: Diagram for antagonism of cations

(p. 408. Heilbrunn, 3rd edition). K and Na are mutually

antagonistic. Ca and Mg antagonize Na but are syner-

gistic.

1928, Simon and Szeloczey: Cocaine causes release of

calcium from tissues.

1929, McCutcheon and Lucke: Both calcium and

magnesium induced permeability compared to sodium

and potassium.

1930, Chambers and Howland: Injections of CaCl;,

produce a dense granular coagulum in amoeba.

1930, Heilbrunn: High calcium concentration pre-

vents protoplasmic clotting. Calcium is necessary for the

surface precipitation reaction; higher concentrations of

calcium ion have the same effect as other ions in retard-

ing or inhibiting it.

1930, Pauling and Goudsmit: The level scheme of cal-

cium, the metastable state.

1931, Camac: Medical anatomy from Imhoteps to

Harvey.

1931, Kisch: An ion that is antagonistic to a second

ion at one concentration may act with it at another con-

centration. According to Kisch, this relation exists be-

tween Mgand Ca.

1931 Kisch; 1934, Lasnitzki: Calcium lack may cause

a decrease in the rate of respiration.

1932, Gillespie and Thornton: Isolated bronchial

muscle of guinea pigs is sensitive to changes as low as 1
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mgm0/0 ionic concentration of calcium as measured by
the response to histamine (p. 425).

1932. Heilbrunn: Magnesium and potassium anesthe-

sia in amoeba. The colloid chemistry of protoplasm.

1934. Bacq and Rosenbleuth; 1936, Hukuda and Mo-

riya: Heart muscle stops in a contracted state (systole)

with calcium.

1938. Gaede: The working of the alkaline salts.

Antagonism of cations

1932. Costello: Calcium is a necessary requisite for the

surface precipitation reaction in marine eggs.

1932. Heilbrunn: Simplest type of antagonist depends

on the valence of the cation (p. 467). In sea urchin eggs,

both the Mgand Ca tend to prevent the toxic effects of

monovalent cations Na and K.

1932, Hermann: Calcium is necessary for the produc-

tion of adrenaline.

1933. Breder: Marine fish can withstand fresh water

when it contains a small amount of calcium.

1933. Ellis: Calcium and the resistance of Nereis to

brackish water.

1934. Hastings et al.: The behavior of calcium in the

presence of citrate, holding calcium in a non-ionizable

form, in regard to the state of calcium in the living or-

ganism.

1934. Heilbrunn: The effect of anesthetics on the sur-

face precipitation reaction. At low calcium concentra-

tion, ether inhibits the surface precipitation reaction in

Arbacia eggs.

1934. McLean and Hastings: Frog heart used to test

quantitatively the presence of definite amounts of cal-

cium ion. Perhaps the best physiological example of re-

versible binding of calcium ion to serum proteins.

1934, Peters et al.: When calcium is added Jo normal

uninjured mammalian heart tissue, it may cause an in-

crease in the rate of respiration. At a given initial fiber

length, the mechanical energy of the heart is increased

under the influence of calcium.

1935, Buchanan: Very dilute solution of calcium salts

protect planaria from the effects of distilled water.

1935. Dawson: Healing pagan and Christian (see 1500

B.C.. Ebers Papyrus). Egyptian physicians used seawater

in a suppository.

1935, Huf: Concept of active transport.

1936, Keil and Sichel: Injection of small qualities of

CaCl ; into isolated frog muscle M/200 caused violent

but reversible shortening. (No data on quantity given.)

1936, Wiercinski and Child: Differential susceptibility

of living organisms to supersonic vibration in calcium

media.

1937, Ellis: Calcium plays a role in the exchange of

water and electrolytes in Nereis diversicolor.

1937, Marcozzi; 1939, Mast and Pace: All commercial

preparations of magnesium salts contain calcium.

1937, von Euler: Calcium chloride in skeletal and

heart muscle studies in concentrations of 0. 1 mol/1 is

necessary.

1937, von Euler; 1939, Greville: Respiration of

minced muscle is decreased by calcium.

1937. Heilbrunn and Wilbur: Sodium citrate in seawa-

ter inhibited the germinal vescicle breakdown of Nereis

limbata eggs induced by agents such as ultraviolet light

or hypertonic potassium chloride in seawater. The nor-

mal response of the egg was restored by adding Ca2+
.

1937, Mazia: Release of Ca2+ was found in homoge-
nates of fertilized Arbacia punctulata eggs.

1938, Ashkenaz: Narcotizing action of magnesium for

whole muscle and single fibers can be antagonized by

adding calcium ions to the medium. Recovery is best in

Ringer's solution or in Ca-Mg-Ringer's solution contain-

ing four times the calcium content of ordinary Ringer's.

1938, Eggleton et al.: Calcium considered in 13 cita-

tions on all phases of heart action (frog) (see references).

1938. Goreczky and Ludany: In man, injection of ex-

cess calcium into the blood stream lowers the basal meta-

bolic rate.

1938. Mast and Fowler: Sodium, potassium, and cal-

cium ions in relation to volume changes in Amoebapro-

tens.

1 939, Alexander et al.: Ca cephalinate is relatively in-

soluble compared with Na or K cepalinate in a liquid/

liquid interface.

1939, Graham and Sichel: Local application of CaCl 2

to the surface of isolated skeletal muscle fiber caused re-

versible shortening of the muscle substance.

1939. Henry and Kon: In all comparisons, milk Ca

was more available than the Ca o CaHPO4 , 2H: O.

1939. Mollison: Calcium deficiency lowers rate of res-

piration in plants especially of the tops.

1939, Wiercinski: The effect of supersonic vibration

on reconstitution and 1 lead frequency in Euplanaria dor-

otocephala in calcii medium.

1940, Guttnr Calcium maintained the resting

membrane po! trom other effects such as high po-

tassium.

1940, Har\ and Macintosh: In perfusion fluid lack-

ing calcium, the release of acetylcholine was diminished

or abolished. The effect of calcium was on the release

reaction.

1941, Axelrod et al.: Calcium had a marked effect on

the cytochrome-succinic-dehydrogenase system.

1941, Glick: Cholinesterase activity increased by cal-

cium.

1941, Heilbrunn and Ashkenaz: The irritability of the

isolated (cut) fiber is dependent on the calcium ion.

1941, Heilbrunn and Ashkenaz: Calcium rather than
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sodium (Overton, 1904) appears to be the ion essential

for muscular contraction as demonstrated with isolated

muscle fibers.

1941. McDonald and Kunitz: Calcium markedly in-

creased the proteolytic activity of pancreatic juice. The

effect results from the activation of trypsinogen to

trypsin.

1941, Wiercinski: Intracellular pH determination in

the centrifuged hyaloplasm of the Arluwia egg in sea-

water.

1942, Bailey: Calcium is a potent activator of isolated

myosin ATPase.

1942, Bailey: Calcium influences the activity of li-

pases. Calcium activates the enzymatic activity of my-

osin.

1942, Elvehjem: Mechanism in enzyme system may
be an indirect one (see Swingle el al., 1942).

1942. Swingle el al.: Calcium stimulates activity of

succinoxidase, which oxidizes succinic acid.

1943. Heilbrunn: Calcium, magnesium, and other cat-

ions have very marked effects on protoplasm. To some

extent these actions may be due to their action on en-

zyme systems, (p. 20 1 )

1943, Heilbrunn: There is also an interesting analogy

in the behavior of protoplasm toward calcium, (p. 466)

1943, Heilbrunn: Magnesium narcosis and reversal to

a conscious rabbit by injection of calcium, (p. 46 1 )

1943, Heilbrunn: Researchers used improper concen-

trations of magnesium and calcium salts in their experi-

ments; these were not isotonic. (p. 464)

1943. Heilbrunn: When a frog nerve is placed in iso-

tonic calcium chloride solution, a wave of death pro-

ceeds from the cut end. This wave travels at a rate of a

third of a millimeter per minute (unpub. experiments of

M.A. Robbins, see p. 466, footnote).

1943. Heilbrunn: Someeffects ascribed to calcium are

due to the hypertonicity of the calcium solution.

1943, Heilbrunn: "In sea urchin eggs a trace of cal-

cium will protect the cells from the toxic action of so-

dium, and a further increase in calcium concentration

has but little obvious effect" (p. 463).

1 943, Heilbrunn: "The fact that these and other drugs

affect the cell by way of its calcium is but another indica-

tion of the importance of calcium in the vital ma-

chinery" (p. 467).

1943, Heilbrunn: Cocaine, like many other anesthet-

ics, can also at times show a stimulating action (Ch. 36,

37). Both as.an anesthetic and a stimulant, cocaine is an-

tagonized by calcium, (p. 467)

1943. Heilbrunn (from Ringer and Buxton. 1885):

Cilia of a freshwater clam gill could beat for eight days in

a pure calcium solution.

1943, Heilbrunn (from Ringer, 1890): Frog eggs can

develop normally for days in a calcium phosphate solu-

tion.

1944, Wiercinski: Intracellular pH determination of

hyaline protoplasm in centrifuged Arbacia eggs in seawa-

ter. Cytoplasmic pH in Amoeba proteus in calcium

media.

1945, Hober: In the series of Na, K, Ca, and Mg, Ca is

high in hydration.

1947, Heilbrunn and Wiercinski: Solutions of sodium,

potassium, magnesium, and calcium chlorides were mi-

croinjected into isolated frog muscle fibers in calcium-

free media. Calcium ion. in high dilution (M/5000)

caused an immediate and pronounced shortening. Injec-

tant was 10% of the muscle fiber volume. The fibers were

dissected in calcium-free media.

1950, Terry: 1954, Gross: 1968. Bianchi: Cytoplasmic

inclusions swell and rapidly dissolve in low calcium con-

centrations.

1952, Castillo and Stark: End plate potential may
reach about three times its normal size due to high cal-

cium.

1952, Engback: Magnesium and calcium ions affect

neuromuscular transmission. Calcium ion acts as an ac-

tivator.

1952, Wiercinski: Microinjection of M/5000 CaCl 2

into the isolated frog muscle fiber induces protoplasmic

shortening at alkaline and acidic pHs.

1954, Gross: Calcium can disrupt Cytoplasmic gran-

ules.

Pharmacology

1918a,b, Loewi; 1937, Gold and Kwit: Digitalis and

similar compounds act on the vertebrate heart only if cal-

cium is present.

1942, Otis; 1964. Hammond: Relation of digitalis and

adrenaline effects to calcium in oyster heart.

1951, Heilbrunn: Calcium is not only involved in

bones and teeth, but also in the vital mechanisms of soft

protoplasm.

1956, Heilbrunn: Coagulative properties of calcium

on lower organisms and the relation to blood clotting.

1956. Heilbrunn: Coagulative properties and stimulat-

ing properties of calcium.

1958, 1966, Katz: Calcium functions in the amphib-

ian neuromuscular junction to release acetylcholine dur-

ing depolarization by nerve impulses.

1958. Shanes: Calcium maintained nerve conduction

in spite of the influence of other agents to alter the resting

potential.

1965, Pease el al.: Electron microscopic localization of

calcium uptake in glycerol extracted psoas muscle fibers.

1965. Ratnoff: Hemorrhagic disorders: coagulation

defects and calcium (in Beeson and McDermott, 1975).
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1966. Kliner and Orten: Lactose and vitamin D in-

crease calcium and strontium absorption.

1967. Federation Meetings: pH and calcium in

muscle.

1 968. Douglas: Calcium is a general mediator of secre-

tory mechanisms (see Rubin. 1982, recent references).

1968, Katzand Miledi: Facilitation is larger during the

second impulse, in accordance with the calcium hypoth-

esis.

1968. Langer: Calcium and ion fluxes in myocardial

contractility.

1969, Carriker and Smith: Comparative calcibiocavi-

tology.

1 969, Carriker et a!.: Calcium carbonate substrates.

1969, Jahn and Bovie: Cellular cytoplasmic move-

ments in cells. Protoplasmic motility involved in an ac-

tomyosin protein complex triggered by calcium to split

high energy phosphates.

1970, Ford and Podolsky: Regenerative calcium re-

lease in muscle cells.

1970. Podolsky and Teicholz: Comparison of calcium

contraction kinetics in skinned and intact muscle fibers.

197 1, Williams: The metals of life. Importance of cal-

cium.

1973. Goodenough and Stenger: The name calcium

comes from cali.\. the Romanword for lime.

1973. Swanson el al.: Saliva, calcium, and potassium
concentrations in the detection of digitalis toxicity.

1974, Esmon and Jackson: The function of fragment
2 during presence of factor V in blood clotting.

1974. Rubin: Speculation on calcium actin. (Rubin.

1982. recent references)

Enzymes

1905a,b,c,d, Delezenne: Dilute solutions of calcium

salts favored activation of the enzyme: more concen-

trated solutions had the opposite effect. Analogy is made
to blood. Dilute calcium solutions favor clotting, more

concentrated solutions prevent it.

1937. Eagle; 1940. Ferguson: 1940, Brinkhous; 1940,

Wohlisch: Modern theories of blood clotting emphasize
the important role that a proteolytic enzyme plays in the

process involving calcium.

1966/67, Fleckenstein et al.: Coined the term "cal-

cium antagonist" based on observations of verapamil

and pren\ lamine to interfere with the mediator function

of Ca+1
in the excitation-contraction coupling of heart

muscle.

1969, Godfraind and Kaba: The term "calcium antag-

onist" was suggested because of the action of cinnarazine

and chlorpromazine to inhibit the entry of calcium into

depolarized smooth muscle cells.

1975, Arnold: Calcium causes contraction of the

cleavage furrow in squid embryo cells. Embryos in calci-

um-free seawater will not cleave; an exaggerated cleavage
of the dividing cells occurs in 2X calcium seawater.

1975, Palade: Secretion, intracellular aspects of pro-

tein secretion.

1976, Considine (ed.): Van Nostrand's Scientific En-

cyclopedia, 5th ed., "Calcium."

1976, Leaf and Cotran: Calcium, magnesium, and

phosphate in pathorenal physiology.

1977, Suttie and Jackson: Prothrombin.

1977, Fleckenstein: Calcium antagonism in heart and
smooth muscle. Calcium channels blocked by organic
calcium antagonists e.g.. verapamil and nephedipine,

oxyverapamil (D-600), and prenylamine.
1978, Kretsinger: Calmodulin.

1979, Kretsinger: Calcium in neurobiology. A general

theory of its function and application. Neurobiology
Manual. MBL.

1979: Symposia Soc. Exp. Biol. N. XXXIII, pp. 165-

192. Conclusion: calcium ion plays a nearly universal

role in all cell activities. Ca ion and cAMPare second

messengers.

1980, Cheung: Calcium binding proteins as calcium

receptors have been extended to a broad range of cellular

reactions and processes. Calmodulin plays a pivotal role

in cellular regulation.

1980, Ebashi: Szent-Gyorgyi's actomyosin-ATP-K

system, which did not require calcium for activation,

suppressed the calcium concept. Also, Heilbrunn did not

appreciate the role of ATP.
1980: Harvard Medical School Health Letter. Vol. 5,

No. 7, p. 5. The final common pathway for all triggers

that initiate spasm may be an increase in the calcium

flow into the smooth muscle cells lining the coronary ar-

teries.

198 1 , Slater: Calmodulin may help explain the mecha-

nism by which calcium regulates vital intracellular activ-

ities.

1982, Anghileri ami -\nghileri: Biological systems and

calcium.

1982, Chafoi -as el al.: Cell division Calmodulin

and the cell c;
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Discussion

Importance of calcium

Calcium has appeared in the literature in one form or

another since 2400 B.C. It is now known to be important

in the external movement of cells, tissues, and organ-

isms, in the intracellular movement of organelles, and in

the formation of by-products released from cells.

Total understanding of the intra- and extracellular

functional aspects of calcium must be considered using

a multifaceted approach. Several authors have recently

examined aspects of calcium's role in biological systems.

Rubin et til. ( 1 985) considered the modern historical and

biological aspects of calcium action dating back to the

time of Sydney Ringer (1882-1 894). Schwartz and Azar

(1981) described intracellular regulation and transport

leading to calcium's control of physiological processes,

and Campbell (1983) described intracellular calcium as

the universal regulator.

Wenow know that eukaryotic cells maintain free Ca:+

within the cytosol at a concentration between 10~
7 and

10~
8 M(Kretsinger. 1980). In muscle fibers, calcium is

stored in the sarcoplasmic reticulum (Costantin et ai.

1965). Calcium's role in the formation of calculi in the

kidney, gall bladder, and joints, as well as in the forma-

tion and structure of bones and teeth, are well docu-

mented.

Calcium 's biological roles

Calcium plays a number of important biological roles

(Rubin. 1974, 1982; Schwarz and Azar, 1981: Anghilen

and Anghileri, 1982; Campbell. 1983; Ebashi. 1984;

Carafoli and Penniston, 1985; Rubin et ai. 1985).

Structurally, calcium is involved with second messen-

gers, neurotransmitters, biomembranes. mechanical

stress and muscle proteins, and cell-to-cell communica-

tion. Chemically, it is involved in the release of hor-

mones. It is required for the maximum activation and

regulation of enzymes and proteins, and it also serves as

an intracellular regulator in association with calmodulin

and hormone cyclic nucleotides. Calcium helps to main-

tain osmotic balance within cells by modulating cations,

anions, and water permeability. It is also involved, in a

variety of ways, in oxidation-reduction. Calcium's roles

in tissue culture cells are also diverse: it is involved in

adhesion, spreading, locomotion, cytokinesis, shape

changes, and the closing of intracellular junctions. Fi-

nally, calcium plays important roles in cell motility

(ruffling, blebbing, locomotion, displacement of mass,

migration, and chemotaxis of leucocytes).

Isolation of calcium

Davy began work on electrolysis after Volta's battery

appeared in 1800. He isolated components of alkali salts

dissolved in water. In 1808 he announced the isolation

of potassium and sodium as mutants. Using similar

methods, he isolated barium, magnesium, calcium, and

strontium (Leicester, 1956).

Dobereiner ( 1 829) then classified elements and found

"triads" with similar properties. Calcium, strontium,

and barium was one such triad, the atomic weight of the

middle member being approximately the arithmetic

mean of the weights of the other two elements.

Level scheme oj calcium

The lowest energy state of calcium occurs when the

two outer electrons are both in the 4s orbit. When the

single level occurs, the triplet is non-existent. In calci-

um's excited state, only one of the two outer electrons is

excited, the other remains in the 4s state. The triplet lev-

els are the so-called "metastable states." Via collision

with other atoms, a calcium ion can drop to its "normal"

state or the atom can absorb radiation to a state of higher

excitation. It can then drop to the lowest level with the

emission of radiation (Russell. 1927; Pauling and Goud-

smit, 1930).

Plaster of Paris

The ancient Egyptians and Romans applied tech-

niques of using plaster of Paris as it is known today. The

plaster bandage is hard setting and made of such compo-
nents as gypsum (CaSO4 ), starch, albumen, lead-vinegar,

and spirits of camphor (van Rens, 1987).

Gypsum was used by the Arabs in 1 794 in the treat-

ment of fractures. They placed the fractured limb in a

mold and poured gypsum over the broken extremity

(van Rens, 1987).

In the 19th century, the use of plaster bandages was

not easily accepted in Europe. The Thomas-urgoden

splint was favored in England for quite some time.

The "stone"

Calculi (stones) can occur in any hollow organ in the

body in which its fluid content is stagnant. Stones have

been known since ancient times. Descriptions of them

have been found in ancient Summarian (pre-Babylo-

nian) and early Egyptian writings. Dissection of mum-
mies more than 5000 years old have revealed calculi, and

in 900 A.D., the Arabians devised an operation for the

removal of bladder stones (Benton, 1972).

In the 17th century, Boyle (1666) noted the formation

of calcium when a calcite precipitate formed in sulfuric

acid. Later, Fairfax (1667) and Slare (1683, 1693) re-

ported "stones" in humans (see appendix). Black ( 1 753)

tried using limewater to dissolve urinary calculi. In 1 797.

Wollaston found renal calculi consisting of a mixture of
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uric acid, calcium, magnesium, ammonium phosphate,

and calcium oxalate. Nearly two centuries later. Thorn-

sen (1986) used laser beams to disintegrate kidney

stones. In 1989, extracorporeal shock wave lithotripsy

shatters kidney and biliary stones. The body is immersed

in water (Health Scene, 1 989).

Hypotheses generation

A number of concepts, hypotheses, mechanisms,

models, postulates, and theories have been generated re-

garding calcium since the 1st century A.D.

Venantius Fortunatus (600 A.D.) used the Latin word

"protoplasma," meaning "first created thing, proto-

plast" (in Greek meaning "a moulded thing, figure, or

form"). Miiller( 1786 (described "droplets" in the proto-

zoan Colpoda. This was an extrusion of the cell content

into the surrounding water.

Dujardin (1835) postulated the concept of a "sar-

code," an elementary substance composing the proto-

zoan. Dujardin (1841) observed film formation of cell

cytoplasm emerging from Leucop/irys striata. a proto-

zoan parasite found in the earthworm. Von Mohl ( 1 846)

named the sarcode "protoplasm." Huxley ( 1 868) consid-

ered protoplasm "the physical basis of life."

Fabre-Domerque (1888) and Kolsch (1902) observed

film formation around droplets of extruded protoplasm

from a cell.

Heilbrunn (1930) postulated the "surface precipita-

tion reaction." When the cell cortex is broken, the

emerging protoplasm forms a membrane to seal the

break in the presence of calcium ion. When cells are im-

mersed in calcium-free media, the protoplasm forms

vacuoles and flows outward from the injured cell.

Calcium is associated with a receptor protein in cells.

In the "bleeders disease" where fibrinogen is inadequate,

the blood does not clot because calcium, although pres-

ent, has no fibrinogen to produce the fibrin required for

blood clotting.

It is evident that Ca needs an "acceptor protein" in

the cell. Heilbrunn (1928) suggested ovalbumen for the

Arbacia egg; Kretsinger (1978), a protein in the cytosol:

and Chance (1965), formation of an intermediate Ca2

(
~

1 ) with the displacement of two protons perhaps a

metastable calcium as suggested by Pauling and Goud-
smit (1930). Cheung (1980) suggested calmodulin, and
others suggested leotonin, protein kinase, and protein ki-

nase C.

In summary:
Heilbrunn ( 1930) populated the role of calcium in the

cell, and the "surface precipitation reaction."

Heilbrunn ( 1 95 1 ) wro; : that calcium plays many roles

in the vital life process 5 such as cell division, aging, sur-

face precipitation reaction, clotting of blood and cells.

muscle contraction, and in a variety of ailments from

acne to the hardening of arteries.

Gross (1954) discussed the mechanisms for the yolk

lysis reaction.

Chance ( 1965) wrote about the accumulation of cal-

cium.

Fleckenstein (1977) discussed calcium antagonists

such as verapamil.

Kretsinger (1979) wrote on the theory and evolution

of calcium in neurobiology.

Cheung ( 1 980) described calmodulin as playing a piv-

otal role on calcium.

Ebashi ( 1980) wrote that in 1960 there was consider-

able doubt about the "calcium hypothesis."

Campbell (1983) asked: does a stimulus activate 50%
of the maximum possible "switched on" cells, or do all

the cells give 50% of their individual response?

Putney ( 1 986) reviewed hypotheses on the mechanism

of calcium entry into the cell. He also wrote about the

calcium pump.
Peterson (1987) discussed larger molecules, such as

proteins and enveloping smaller molecules.

Physiological solutions

Ringer (1882. 1886. 1890) recognized the need for a

physiological salt solution similar to the ionic content of

blood. Whencalcium chloride was added to distilled wa-

ter, life was sustained longer than in sodium and potas-

sium solutions.

Ringer and Sainsbury ( 1 894) found that minute doses

of lime salt were necessary for the survival of the worm
Tub ifex.

Locke ( 1 893, 1 894) found that calcium was necessary

for the transmission of nerve impulses from nerve to

muscle.

Loeb (1906) wrote that life phenomena, and especially

irritability, depend "on the presence in the tissues of a

number of various metal proteids, or soaps (Na, Ca, K,

and Mg) in definite proportions." Na-salts cause rhyth-

mical contractions in striated muscle only if the muscle

cells contain Ca-ions. When there is a lack of Ca-ions

in the tissues, the Na-ions are no longer able to cause

rhythmical contractions. Because plants contain no

muscle, there is no need for NaCl.

Anesthesia

Meltzer and Auer ( 1 905- 1 908 ) observed anesthesia in

a rabbit following injection of a solution of magnesium.

LIpon injection of a small amount of calcium solution,

the rabbit awakened and was sensitive. Peck and Meltzer

(1916) performed surgical operations in humans, using

magnesium anesthesia. Dogs will also go into anesthesia

with magnesium salts ( Wiercinski, pers. obs.).
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Active transport

Huff (1935) suggested the concept of "active trans-

port." Huff recognized the relationship of cellular metab-

olism and the role of extracellular metabolites to be

transported into the living cell and the transport of sub-

stances out of the cell. The essential criteria are based on

the following conditions in the living cell: ( 1 ) a concen-

trated and hydrated product; (2) sensitivity to oxygen

lack; (3) dependence on active metabolites; and (4) sensi-

tivity to enzyme poisons.

LeFevre presented work on the human red cell. Prior

to his 1955 monograph, he wrote about the penetration

of glycerol (1946), active transfer (1947), certain non-

electrolytes (1948), active transport of monosaccharides

(1954). and active transport through cell membranes

(1954).

Bresnick and Schwartz (1968, pp. 305-362) discussed

active transport: methods of study, theories, drugs, hor-

mones, and membranes.

The active transport concept was accepted from 1955

onward. However, the term "active transport" was used

in different ways by various authors (see Giese, 1973, p.

324). The relationship of sodium channels and calcium

in active transport is currently (1987) being studied by

Clay Armstrong at the Marine Biological Laboratory

(Woods Hole, Massachusetts).

Frog heart study

Clark (1938) describes the following in the frog heart:

( 1 ) Duration of electrical and mechanical responses.

(2) Excess, refractory period of the heart and calcium.

(3) Heart's content of calcium.

(4) Hypodynamic heart and calcium.

(5) Lack, carbohydrate balance of heart with calcium.

(6) Lack, electrical response of heart and calcium.

(7) Lack, electrical response and metabolism.

(8) Lack, heart arrest and phosphagen with calcium.

(9) Lack, heart metabolism and action of calcium.

(10) Lack, mechanical response of heart and calcium.

(11) Loss of calcium in the heart on perfusion.

(12) Plasma and content of calcium.

(13) Sympathetic stimulation and liberation of cal-

cium.

Electrical properties

Living cells have an "electrical property." Calcium re-

acts with the isolated muscle fiber, as Niedergerke (1955)

demonstrated with calcium and electrolytic transport in

local contraction and partial relaxation. The calcium

ions activate a link in the contractile cycle. An electrical

stimulus causes contraction. Presumably, when it is sub-

threshold, contraction is not elicited.

Microinjection of freshly dissected muscle fibers

It is recognized as a primary principle in the study of

living organisms that the "living state" is of the utmost

importance.

Hober (1920) and Gillespie and Thornton (1932)

found that all types of muscle lose the ability to contract

in the absence of calcium.

Keil and Sichel ( 1936) microinjected an aqueous solu-

tion of M/200 CaCl : and observed reversible contrac-

tion. No quantity was stated.

Graham and Sichel (1939) applied CaCl 2 to a small

portion of an isolated muscle fiber surface and observed a

marked reversible shortening of the "muscle substance."

Heilbrunn and Wiercinski (1947), in an extensive

work to prevent contamination of solutions, used quartz

distilled water from previously distilled water to prepare

the solution to be microinjected. Quartz micropipettes

were prepared for microinjection. These were "flamed"

and reused. Pyrex micropipettes were used only once.

Calcium ion at M/5000 caused a 50% "shortening" of

the muscle fiber as compared to sodium and potassium

ions in isotonic concentrations. Magnesium ion caused

an extension of the muscle fiber (about 10% of the fiber

volume).

Niedergerke (1955) microinjected muscle fibers with

calcium and electrolytic transport and saw contraction

in a reversible state.

Caldwell and Walster ( 1 963) injected caffeine into

crab muscle fibers. A contraction (contracture) was fol-

lowed by a relaxation. The caffeine released the calcium

from sarcoplasmic reticulum.

Mechanism oj muscle contraction

Mines (1911) gave the first evidence for the role of cal-

cium between excitation and contraction in muscle.

Fanburg and Gergely (1965) reported that the mecha-

nism for the relaxation and contraction of skeletal mus-

cle may operate in heart muscle. Calcium accumulation

for skeletal and cardiac cells is optimal when ATP, mag-

nesium, and oxalate are present in the //; vitro prepara-

tions of sarcoplasmic reticulum and mitochondria.

Mechanisms of cooperativity

Cell components must cooperate to maintain cell

function. Calcium binding to cell organelles and mole-

cules depends on concentration and affinity for proteins

in the population of Na+
, K*, Mg:+

, CT, S(V 2
, P(V\

etc. According to Pauling and Goudsmit ( 1 929), calcium

exists in a metastable state. This would involve electrons

in cellular reactions (Peterson, 1987). Larger molecular

mechanisms in cells can join with smaller molecules to
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perform a variety of chemical functions in biological sys-

tems.

The most important mechanism of structure and

function is cooperativity. Malphighi's discovery of the

capillaries at least 200 years ago has recently been re-

searched by Crone (1987) using the passage of solutions

through capillary pores. Calcium may be an operative

factor in the endothelial cells of the "endothelium de-

rived relaxing factor" (EDRF).

Accumulation of calcium (based on Bianchi, 1968)

Chance (1965) postulated that accumulation of cal-

cium can occur in the following steps (steps 5 and 6 are

alternative mechanisms):

( 1 ) Passive diffusion of calcium through the outer

membrane of mitochondria (in the cytosol) to binding

sites on the inner membrane;

(2) Formation of an intermediate of Ca; (~ 1) with the

displacement of two protons;

(3) Transport of the energy-rich intermediate com-

plex across the inner wall of the mitochondria;

(4) Binding of calcium to a phospholipid component
of the inner membrane leading to the release of the com-

ponents of the intermediate complex and the stimulation

of respiration;

(5) Formation of hydroxyapatite or calcium phos-

phate crystals, thereby removing calcium from the mito-

chondria! membrane wall and allowing further re-accu-

mulation of calcium;

(6) Neutralization of the liberated protons by carbox-

ylic acids and mitochondria swelling.

Szent-Gyorgyi's notion that potassium ion was the pri-

mary ion.

A. V. Hill and Albert Szent-Gyorgyi caused the "hush

of neglect." Hill thought of diffusion in a solid cylinder,

before the discovery of the sarcoplasmic reticulum.

Szent-Gyorgyi applied ATP and K+
ion in minced mus-

cle to determine if this was the primary stimulus for mus-

cle contraction. He made sure that the muscle prepara-

tion he used was "dead" in contrast to Heilbrunn and

Wiercinski's work with freshly dissected muscle fibers in

calcium-free media.

Stoltz and Bereiter-Hahn (1987. 1988) injected cal-

cium by iontophoresis to observe sequestration in live

endothelial cells in tissue culture.

Colloid chemistry ofprotoplasm

Heilbrunn (1928-1932) performed cutting experi-

ments with Stcnlor and Amoeba and showed that the

"naked protoplasm" quickly formed a film in calcium-

containing solution. From these observations he postu-

lated colloid chemistry as the basis of protoplasmic activ-

ity. He believed that protoplasmic activity is transmitted

from one part of a cell to another or from one cell to

another. The reaction has three stages: (a) free calcium is

liberated, (b) calcium unites with other materials to form

a thrombin-like substance which, in the sea urchin, is

named ovothrombin. and (c) a reaction occurs between

this thrombin-like substance and another substance to

form a precipitation product. He also found that ovo-

thrombin is surface active at the rate of 25 cm/s, and that

this is a self-propagating reaction.

Trends

Loewi (1912, 191 8a,b) found that calcium is necessary
for the digitalis effect on the heart. He also performed the

classical "vagus-stoff" experiment (1921). Later it was

found that the active principle is acetylcholine. Calcium

is necessary for this reaction.

Chambers et al. (1926, 1930, 1932) did studies using

micromanipulation on amoeba, starfish, and Arbacia

eggs.

Keil and Sichel (1936) observed the effect of injecting

M/200 Ca:+
ion concentration in isolated muscle fibers.

They did not determine injection volume.

Heilbrunn and Wiercinski (1948) microinjected Na+
,

K+
, Mg2+

, and Ca:+
chlorides into isolated living adduc-

tor magnus muse fibers of the frog. M/5000 CaCl ;

showed a 50% shorter ing of the muscle fiber. Isotonic

MgCl : produced relaxation. The injection volume was
10% of the muse volume. This research brought
Heilbrunn's insight about calcium into focus. In re-

sponse to this work, Heilbrunn and Wiercinski opposed

Surface precipitation reaction

Heilbrunn ( 1 928- 1 932) also described the surface pre-

cipitation reaction. He noted that the reaction is retarded

or inhibited by low temperature, that calcium is essen-

tial, and that pigment granules play a role in the sea ur-

chin egg. He also found that calcium is released in the

cell interior, that calcium reacts with pigment granules

or a constituent named ovothrombin, and that ovo-

thrombin reacts with substances (sea urchin egg) in the

protoplasm presumably a protein to cause vacuole

formation. He also discusses the action of acids and alka-

lies.

Neurobiology: theory of function and evolution

Kretzinger (1979) showed that many basic cellular

mechanisms are common to all eukaryotic cells, are of

commonorigin, and are related in evolution.

Campbell ( 1983) showed that calcium plays a role in

nerve terminals, neurohormones, neuromuscular June-
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tions, neurones, neurophysin, neurosecretions, neuro-

transmitters, and receptors.

Mandel and Eaton (1987) and Snutch et al. (1986)

characterized voltage gated calcium channels in Xenopux

oocytes after the injection of RNAobtained from electri-

cally excitable tissues. Mandel and Eaton (1987) and

Chad ct al. (1986) also showed that phosphorylation

maintains calcium channel activity in dialyzed mollus-

can neurons.

Five postulates have been suggested for the intracellu-

lar function in eukaryote cells.

( 1 ) All resting eukaryotic cells maintain a concentra-

tion of free Ca2+
in the cytosol between 10

7 Mand 10~
8

M.

(2) The sole function of Ca2+
within the cytosol is to

transmit information through binding to a specific recep-

tor.

(3) The target of Ca24
, functioning as a second mes-

senger, is a protein in the cytosol.

(4) Calcium modulated proteins contain "E.F.

hands" to maintain conformation (Krietzinger. 1978).

(5) Cells initially extruded calcium so they could use

phosphate as their basic energy currency; Ca3(PO4 ) 2 is

insoluble.

C 'umparison of concepts

Comparing Heilbrunn's (1928) work on the colloid

chemistry of protoplasm with Kretzinger's ( 1979) work

on the theory of the function and evolution of calcium,

we find that each suggested five postulates about the

function of calcium. Chance (1968) presented six postu-

lates.

Homeostasis

Heilbrunn's general physiology textbooks (1938,

1943, 1952) do not mention homeostasis. However, he

does discuss the topic in his 1956 text The Dynamics of

Living Protoplasm.

Rasmussen and DeLuce (1963) reviewed calcium reg-

ulation extensively. They mention (p. 1 47) isolated mito-

chondria in calcium and phosphate exchange as a new

approach to calcium.

Mathews et al. (1981) discuss the role of calcium in the

organism as a reciprocal relationship between intracellu-

lar and extracellular functions. Currently, it is believed

that the intracellular ionic concentration is 10~
7 Mand

the extracellular is 10~
3 M. A proper ionic intracellular

calcium level is maintained by the mitochondria (p.

424). In bone mineralization, large amounts of calcium

and phosphate are utilized.

The general physiological effects of calcium can acti-

vate or control basic physiological processes, such as irri-

tabilitv. contractilitv, conduction, secretion, mitosis, re-

production, and integration. The role of calcium in spe-

cial nerve organs, other tissues, and cell types is being

investigated.

McGrath et al. (1986) showed that active transport

through the bone membrane appears to be involved in

the regulation of calcium levels in the blood stream. The

present development limits the possible active transport

mechanisms for the mineral dissolution/deposition to an

outward-directed pump for the hydrogen ion, an out-

ward-directed pump for the phosphate ion, or an inward-

directed pump for the hydrogen ion.

Stoltz and Bereiter-Hahn's (1987) observations sup-

port the assumption of two sequestration mechanisms:

( 1 ) a high affinity for Ca2+
capacity and a low affinity for

Ca2+
(5 X 10

15 mols' 1

) and (2) a low affinity for Ca2+

and a high capacity (10-40 X 10~
15

mols~') for calcium

accumulation. These mechanisms are saturable. The

high affinity Ca2+
compartment is the endoplasmic retic-

ulum, and the low affinity system is the mitochondrion.

There is a five- to eight-fold higher Ca2+
sequestration

capacity, and the velocity of sequestration is equal in

both cell types (XTH2 and primary cells).

Calcium homeostasis

Claude Bernard ( 1878) proposed constancy of the in-

ternal environment of animals and plants. Subsequently,

biologists have made a considerable effort to understand

the regulation of this internal environment. The endo-

crine systems, the parathyroid gland, vitamin D-hor-

mone, modern-day calcitonin, phosphate (ATP), and

the mitochondria play roles in the integrated organic

scheme.

Cannon (1932) postulated that homeostasis controls

the internal environment of warm-blooded animals. Ox-

ygen, pH, salts, food (glucose, amino acids, lipids), pro-

teins, and blood concentrations are maintained within

narrow limits. However, Richards (1953) criticised ho-

meostasis. He claimed that in chronic disease, homeosta-

sis does not prevail in all functional bodily processes.

Rasmussen and DeLuca (1963) discussed the parathy-

roid gland's role as an essential calcium control system

in the mammal. In evolution the parathyroids first ap-

peared in the amphibia. Teleosts all possess a calcified

endoskeleton. Salmon, in their migratory passage from

the sea to fresh water, achieved calcium homeostasis in

spite of the dramatic fluctuations in the calcium content

of the external environment. This happens without para-

thyroid glands. It is suggested that the role of the D vita-

mins in calcium homeostasis is older in evolution than

the parathyroids. Calcium, phosphate, and vitamin D
are essential in the diets of all higher animals.

In summary (pp. 164-165), the parathyroid hormone,

vitamin D, and phosphate function in the cellular accu-
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mulation and transport of calcium in a variety of tissues.

Vitamin D regulates the activity of calcium-specific sys-

tems in cellular and mitochondria! membranes. The

ability of cells in epithelium to bring about the net trans-

fer of ions, as distinct from ion accumulation, is related

to structural characteristics and polarity.

Bianchi (1968) wrote that in mammals, calcium and

phosphate are controlled by parathyroid hormones, vita-

min D, and thyrocalcitonin in intracellularand extracel-

lular function. Over-secretion of parathyroid results in

osteitis fibrosa cystica, absence of vitamin D causes rick-

ets in the young and osteomalacia in the adult, and over-

production of thyrocalcitonin may be related to osteopo-

rosis. The underlying causes of disturbances in phos-

phate and calcium metabolism affect calcium transport

across cell membranes and intracellular organelles.

Protein kinase and protein kinase C

A Ca:+
phospholipid-dependent protein kinase is rec-

ognized as a pivotal regulatory element in signal trans-

duction, tumor promotion, cell regulation and rat brain

cytosol (see below).

Protein kinase and protein kinase C are reported in

Methods in Enzymology ( 1987) and by Mandel and Ea-

ton ( 1 987) (see also Chad et a/., 1 987, for protein kinase,

and Strong et a/., 1987, for protein kinase C).

Several methods have described protein kinases (phos-

phoproteins) from bovine heart, pig spleen, rat brain,

rabbit renal cortex, and rabbit brain. Whenassessed with

a 7-9% acrylamide gel, it is tentatively identified as hav-

ing an "apparent" molecular weight of 80,000. "On 18%

acrylamide gel, it migrates with an apparent molecular

weight of about 120,000" (p. 419, Methods in En:y-

mology).

The calcium paradox and the mult (faceted behavior of
the calcium ion

Durrierand Meijlerf 1983) wrote that the calcium par-

adox is only one aspect of the multifaceted behavior of

the calcium ion in all living material, but together in its

role in the myocardial excitation complex it is a very im-

portant one. One of the most important spin-offs of the

study of the effects of calcium on living tissue is the dis-

covery of calci -ir? antagonists (Fleckenstein, 1977).

As early as 1920 (see Heilbrunn, 1937. p. 348), there

is a literature on "paradoxes." These include a potassium
paradox, a calciu in paradox, and a thermo paradox. Can
these occur jn the nu-tastable state of calcium (Pauling
andGoudsmit, 1931

The future of the calcium paradox model for myo-
cardial, ischaemic, and pre-perfusion damage depends
on the development ol compounds that may protect the

myocardium.

Anghileri and Anghileri (1982)

Volume I discusses the chemistry of calcium and gives

both the theoretical and practical basis to interpret its

role in the function of normal and pathological biologi-

cal systems. The precipitation process of hydroxyapatite

( HAP) as it relates to bone and tooth is reviewed in detail.

Mathematical models for analyzing calcium kinetics are

discussed.

Volume II reviews the role of calcium in membrane

stability and the regulation of various membrane func-

tions. It describes basic properties of the mechanisms for

calcium inflow and outflow across the plasma mem-
brane. It also assesses the results of investigations of

plasma membrane, calcium movement in other tissues

and summarizes the effects of hormones, neurotransmit-

ters, other cell stimuli, and cell injury on these processes.

Volume III examines the role of calcium in the insulin

release process, in taste and olfactory functions, and in

dentinogenesis.

Calcium out oj control

Poole-Wilson et at. (1984) wrote that calcium is inva-

sive in myocardial cell necrosis following severe hypoxia
or ischaemia. The mechanisms are: ( 1 ) lack of energy,

loss of enzyme systems, (2) mechanical effects, damage
of the structural matrix of the cell, and (3) membrane

damage in the mitochondria and sarcolemma. The com-
mon pathway is cell necrosis, and calcium "overloads"

the cell. A causal mechanism is the accumulation of cal-

cium during myocardial hypoxia or ischaemia followed

by reoxygenation or pre-perfusion related to the develop-

ment of cell necrosis.

Pools

The idea of "pools" for calcium and other ions derives

from the observations of food vacuoles in protozoa. Pro-

tozoa, such a& Amoeba, take in food particles at the edge
of the plasmalemma forming a food vacuole. Undigested

particles are subsequently expelled by the food vacuole.

I'ai'amecium has a gullet for taking in food particles (en-

docytosis) and smaller protozoans. The undigested por-

tion is taken into a contractile vacuole that is expelled

(exocytosis) through the micropyle of the cuticle or

cortex.

Heilbrunn ( 1 937) suggested that bound calcium exists

in the living cell. For example, calcium is bound in the

cortex of the cell. Stimulation from a wide range of phe-

nomena could elicit the release of calcium from the cor-

tex a pool. A 10 ^m cell, as suggested by Brown (1984),

is the typical size of cells in many tissues. The cortex

could easily hold a pool of 3000 calcium ions. Permease

could release this calcium to the cvtosol. This would be
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in equilibrium with the calcium concentration of 10
7

to ID'
8

.

Howmany calcium ions enter a living cell under phys-

iological conditions? The calcium ion has an invasive ac-

tion. When present in the cytosol in any amount greater

than 10
7

to 10~
s

, it causes breakdown of cellular func-

tion. Brown ( 1984) considered a spherical cell of 10 ^m
diameter. How many calcium ions would a cell this size

require? Considering the concept of calcium pools in the

cytosol of small cells ( 10 ^m diameter), how many cal-

cium ions would be present in a pool? The intracellular

environment and anatomy of the cell should be consid-

ered. Brown considered 10~
8

intracellular calcium activ-

ity: "The cell would contain about 3000 free Ca ions."

Where are these Ca ions located in the cell? How many
would be used during and following an "action poten-

tial"? What would be the number of Ca ions in a pool?

Also, how many pools exist in the cytosol of a small cell?

Have "pools" been detected as morphological entities?

Porter (1961) found the endoplasmic reticulum, which

extends from the cell membrane to the nucleus around

the mitochondria and the Golgi apparatus.

At least three pools have been found in the cytosol of

secretory cells (Campbell. 1983, p. 329). The cortex or

cell membrane would be the site from which calcium

ions can enter the cytosol to be stored in a pool (endocy-

tosis). An event such as an action potential elicited by a

stimulus would release calcium (exocytosis).

Campbell (1983, p. 224) writes that intracellular cal-

cium can be altered by several mechanisms: ( 1 ) an effect

on the permeability of the cell membrane. (2) An effect

on the intracellular store, and ( 3) an effect on the calcium

pump.
An acceptor protein with a chemotactic property

would be a cyclic AMPprotein kinase. In vitro studies

have shown soluble and insoluble membrane-bound

proteins.

There are calcium channels in the cortex as well as an

endoplasmic reticulum in the cytoplasm. The molecular

mechanism of intracellular calcium is as a regulator.

Calcium antagonists

A group of organic drugs block the entrance of calcium

into living cells. The invasive property of calcium is to

enter damaged cells. The surface precipitation reaction

is a cell's response to injury.

In heart disease the heart cells could be damaged and

the adverse action of calcium would cause the cell to dis-

integrate. But by preventing calcium from entering the

cell, can it repair itself?

The classical experiment of crushing a cell under a

coverslip on a microscope slide in a calcium environ-

ment produces the surface precipitation reaction. Cyto-

solic calcium keeps the nucleus and the cellular organ-
elles (ribosomes, liposomes, mitochondria, etc.) in an in-

tact membrane.

Fleckenstein et al. (1966/1967) coined the term "cal-

cium antagonist." Godfraind and Kaba (1969) showed
inhibition of calcium by cinnarizine and chlorproma-
zine of contraction in vascular smooth muscle. Nichols

and Wasserman (1971) compared external and internal

exchange of calcium in isolated cells. Rahwan and Wit-

iak ( 1 982) wrote that calcium entry into cells depends on
the diversity of structure in multiple modes of action and

sites of action.

Naylor and Dillon (1986) wrote:

"Ca antagonists are a novel group of drugs useful in

management of a variety of cardiac disorders. They differ

from one another in terms of their chemistry, tissue spec-

ificity and selectivity. As a group, however, they share the

common property of slowing Ca:+
entry through volt-

age-activated, ion-selective channels. Some of them ex-

hibit other properties, including that of interfering with

Na+
transport. At least one of them, diltiazem, has an

intracellular action. Specific high and low affinity bind-

ing sites have been identified for two of the major groups
of Ca2+

antagonists, with the binding sites for verapamil
and its derivatives being distinct from those which can

be occupied by the dihydropyridines. The number (B max )

and affinity (K D) of these binding sites changes under cer-

tain pathological conditions including a reduction in

ischaemia and in spontaneous hypertension, and in-

crease in the latter, at present, only demonstrated for the

dihydrpyridine binding sites. The sensitivity of a particu-

lar tissue to these drugs will depend upon a number of

factors including the number of binding sites that are

present, the contribution made by the Ca:+
entering tis-

sue, and properties which are peculiar to a particular type

of verapamil, they exhibit use-dependence."

Moser (1986) discusses calcium entry blockers in a his-

torical perspective on the management of hypertension.

These drugs lower blood pressure by reducing peripheral

resistance through the vasodilation of the blood vessels

and capillaries in blocking calcium that acts as a power-
ful vasoconstrictor.

Calcium homeostasis control

In their volume on calcium antagonists. Van houtte et

al. (1988) include many papers to define the existence of

various types of calcium channels. They write:

"The clinical perspective is represented by the most

recent cardiovascular, renal, gynecological, endocrino-

logical and neurological applications of calcium antago-

nism research; the ever widening circle of disorders to

which calcium antagonists are being applied now include

heart failure, hypertension, stroke, migraine headaches.
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epilepsy, vertigo, dysmenorrhea, and certain disfunc-

tions of the kidney and liver."

Historical reviews and a broad survey of current re-

search define new directions for future research. For ex-

ample, work pointing toward the treatment of long-term
diseases, particularly atherosclerosis, is discussed, and
data are presented that indicate that some calcium antag-
onists enhance low-density lipoprotein uptake by in-

creasing the number of low-density lipoprotein recep-

tors. These data, which indicate that calcium antagonists
could be active at the gene level and thus affect mRNA
and protein synthesis, suggest entirely new approaches to

drug research.

The possibility that calcium antagonists influence the

central nervous system is explored. Researchers look for-

ward to neural applications, such as protecting the brain

against ischaemia and anoxia, that could prove as bene-

ficial as the cardiovascular application.

The events triggered by exaggerated calcium influx

and release clarifies how the harm caused by these events,

which undoubtedly contribute to cell death, have

prompted scientists to attempt the control of calcium ho-

meostasis by reducing excessive calcium influx, facilitat-

ing intracellular calcium buffering, and counteracting
calcium-evoked reactions.

Conceptual advances

Examination of current calcium literature indicates

that there has been little, if any, inquiry into the molecu-
lar mechanisms that no doubt are involved in calcium at

the atomic level. Dr. Robert Silver (Cornell University,

pers. comm.) is observing one atom in the cytosol of the

sand dollar egg using video microscopy techniques.

Conceptual advances in cellular recognition elements
have recently been made involving cell receptors. Four-
teen types of receptors that are specific for biological
molecules in the cell have been recognized.

Putney (1986) and Peterson (1987) suggest a model for

receptor-regulated calcium entry. Five previous hypoth-
eses are reviewed. Putney's proposed model is termed

"capacitative Ca2+
entry."

Clearly, all living cells are born with the inherent elec-

trical property of life. Calcium does not "work" in the

biological sense in non-living cells.

Unanswered Questions

Much has 1 ; nten regarding calcium's entry into
and out of the liv cell and its role in cell death. Re-

cently developed tec liques used by calcium researchers
have opened up a vista of complex biochemical reac-

tions.

Calcium is essential lor life. It is present in plants and
in the blood of animals, and it is used, as needed, in cellu-

lar functions. But what happens in the living cell? How
many things can happen or be contained in one cell? Fi-

nally, what is the role of calcium in the living organism
both on earth and in outer space?

Summary

After examining the extensive chronology about cal-

cium, I have attempted to discuss the fundamental im-

plications of calcium in a reciprocal role in maintaining
the extracellular and intracellular functions in biological

systems. Homeostasis is maintained in the living organ-
ism by numerous mechanisms, but this is not so in the

diseased state.

The receptor protein calmodulin, protein kinase, pro-
tein kinase C. and a number of other proteins have been

described. The calcium paradox found in cardiac muscle
function remains. Whycalcium?

The question, as yet, goes unanswered. No other sub-

stance is capable of maintaining, with the cooperativity
of organismic systems, normal homeostasis while per-

forming biological, building, and physiological func-

tions.

In summary, this paper is merely an overview a

small piece of the much larger, complex, and ever-chang-

ing puzzle that is calcium.
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Appendix

A Poftfcript to the Publifher , containing a Jbm
account cf /iro Human Calculi of unufual fcrin

andbignefs, from tie fame F. S. M.D-

T Here fend you the Figure of a Stone, Fig. i. ot

I a prodigious fae and as rare ajbape, fomewhat relem-

bung indeed iheJQtiaty, for that was quite worn away,
and this//o fill d up the/>/W.?, it weigh d indeed fome-

what more when I tookitoutot the Body, than it does

now, for it thenweigh'd (even ounces and a halt; there

is no Hijtory that relates any account ot a. /tone genera-

ted in the: t^fineY, that does near parallel this. Without

breaking it afunder, I can find it does conlift ot (ever.il

laming laid over one another, as that of the "Bladder

does: I took the Circumference, and found it to mealure

feven Inches upon the round.

That taken out of the Body of the late D>'kf of A'er-

Father, Ftp, 2. tfai brought not long fince to thd

tety by Sr.Thea,lofe de Vaux,who gave mtlea,ve to fend

you the Figure of it, which you lee is branched, aad

leems to have fpread iome branches into great fofleli,

whether Arteries, reins or into the Ureter 1 cannot de-

termine, tho thele as well as the Pelvis-feem to have been

fiH'd up by this great j/one : yet this comes far Ihort ot

that before mention d 1

, fince it neighs but tour ounces

and a half: zjfone indeed of an incredible fiz.e to be found

in the Kidney. The. mealure longwile from one extreme

to the other made four Inches compleat : the extenfion

of the Branches from one to the other meafur'd crolwili

or tranfverlly, 3 Inches and a half. This is defervedly

laid up in the 7{J>o/itory of the J(oyal Society,
as a great

but forrowfu! Rarity , having caufed the death of fo

g^icat a Patron of Learning.

> uni hers {caff

From Slarel 1693).


